Alwtract--The influence of pretreatment (ion bombardment) on the initial oxidation of AISI 314 stainless steel has been investigated in ultra high vacuum systems with ellipsometry and Auger electron spectroscopy. The bombardment was carried out with Ar + ions with energies up to 2.2 keV at various doses and angles of incidence. Oxidation was performed at low Pol (< 10 -~ Torr) and sample temperatures (<300°C). The worked layer was removed with low-energy argon ions. High energy bombardment causes an increase in oxidation rate and higher values of the real and imaginary part of the refractive index as compared to the undisturbed sample. The rate and extent of oxidation increases with increasing energy, dose and angle of incidence of the ion beam. The outermost part of the oxide is enriched in iron while the region near the substrate contains more nickel and chromium.
INTRODUCTION
THE OXIDATION of stainless steel has been investigated with various surface analytical techniques such as Auger Electron Spectroscopy (AES), 1-3 Electron Spectroscopy for Chemical Analysis (ESCA) 4 and Secondary Ion Mass Spectrometry (SIMS). 5 Most previous work 1,~.4 has indicated the important role played by Cr at higher temperatures (> 700°C). The oxide layer formed at lower temperatures (< 600°C) contains more F¢, while Cr and Ni appear only in the region near the substrate. 2, 4, 5 Furthermore the oxidation of metals and alloys often is affected by their microstructure, s.7 Cold work, for instance, is reported to increase the rate of oxidation of pure Fe e but to reduce that ofa Fe-10Cr alloy. 7 Hossain s showed the effect of mechanical treatments on the high temperature oxidation of a Fe-10Cr alloy. Recent work in our laboratory ° indicated the influence of the prctreatmcnt (e.g. machining) on the high temperature oxidation behaviour of AISI 314 stainless steel. It revealed the influence of a worked layer and the importance of the initial oxidation stage. Therefore a separate study of this stage with a combination of surface analytical techniques was undertaken. The conditions of oxidation are very special and quite different from the more technical ones in investigations by other authors.Z,4, a We used samples cleaned and pretreated in vacuum by Ar + ion bombardment. Oxidation as performed at moderate temperatures (up to 300°C), low pO2 (~ 10 -5 Tort) and small doses of pure oxygen (up to 5 x 105 L, 1 L = 10 -6 Torr. s = 1.33 × 10 -4 Pa s).
Ellipsometric measurements were used to determine in situ the optical parameters of the pretreated stainless steel surface and to monitor the thickness of the oxide as a *Manuscript received 11 November 1981 ; in amended form 15 June 1982. §Present address: AKZO, Hengelo(0), the Netherlands. 195 function of time. The chemical composition of the sample surface and of the oxide as a function of thickness was determined by using AES in combination with ellipsometry and ion sputtering. For a detailed description of the techniques we refer to the reviews on ellipsometryl°, n and on AES2 2.xs EXPERIMENTAL METHOD The samples were cut from an as-received commercially available stainless steel rod (dia 20 mm, Ph6nix RI, Vereinigte Edelstahlwerke). According to the manufacturer the composition of this material was (in wt ~): Cr, 24.22; Ni. 19.30; Si, 2.10; Mn, 1.29; C, 0.06; P, 0.027; S, 0.005; balance Fe. The average grain size was 20 tLm. The samples were first ground to the desired thickness, using a series of carborundum papers up to 800 grit. After polishing with diamond paste (8 ~m) and AltOs paste (0.05 8m) they were cleaned ultrasonically in water and ethanol and, prior to mounting in the vacuum system, in propanol-2.
The experiments were performed in two UHV systems. System I consists of a Riber PEG 1000 pumping unit with an integrated 100 1. s °1 ion getter pump and titanium sublimator with a watercooled shield and a specially designed vacuum chamber provided with facilities for eilipsometry, ion bombardment and oxygen exposure.
The disc-shaped sample (10 mm din, 1 mm thickness) was clamped to a sample holder, which could be heated indirectly by means of a halogen lamp (12 V, 100 W) up tO 500°C. The temperature was measured with a chromel-alumel thermocouple. Sample, thermocouple and clamp were electrically isolated from the sample holder to allow measurement of the ion dose during ion bombardment. A radiation shield, partly surrounding the sample holder, prevented heat losses. The sample holder, mounted on a rod which is attached to a vacuum bellows, allows a small translation in the vertical direction (,,, 2 cm) and a limited tilt (~ 5°). For cleaning and pretreatment of the sample two ion guns were used, both operating under normal incidence. On gun (prototype, Philips' Research Laboratories) produced argon ions in the energy range 200-500 eV with a current density of 0.2 tLA cm -2 at a pressure of 6 × 10 -6 Tort. The other ion gun (Vacuum Generators, VG-AG2) was capable of producing a higher ion energy and curreflt density (1800-2200 eV, 0.8 I~A era-* at 4 x I0 -e Torr operating pressure).
Combined AES and ellipsometry experiments were performed in UHV-system II. This system is equipped with facilities for ellipsometry, AES, ion bombardment and oxygen exposure. A more detailed description of this experimental set-up is given in ref. 1,. The rectangnlarly-shaped sample (25 x 8 x 1 ram) was mounted on a modified VG-UMD 1 manipulator. The sample could be treated to ~ 300°C by passing a current through a metal capillary of the holder while flushing it with an inert gas.
A VG-HCMA (Hemispherical Cylindric Mirror Analyzer) was used for AES. The sample cleaning and pretreatment was initially performed by means of a cold-cathode ion gun (VG-AG2). The angle of incidence of the ion beam with respect to the surface normal was 0 or 75 °. The residual gas composition was determined with a quadrupole mass analyzer (Riber QMMI6).
For both systems a turbomolecular pumping unit (Pfeiffer TSU 100) was available for pumping during ion bombardment and oxygen exposure. Oxygen (99.995 ~o pure) and argon (99.999 % pure) could separately be introduced in the main vacuum chamber and in the ionization chamber of the ion gun. The base pressures of the systems after hake-out were in the 10 -1° Torr region, measured with a Bayard-Alpert gauge.
The ellipsometric measurements were performed by means of a home-made automatic ellipsometer of the self-hulling type which has been described elsewhere. 14 In UHV-system I the sample was bombarded with argon ions until no further change in A or ¥ was observed. In the other system also AES measurements were used to define the starting surface.
The ellipsometric parameters of the starting surface were determined by means of a four-zone measurement. After introducing oxygen at the desired pressure, the course of the oxidation was followed ellipsometrically in one zone. At the end of an oxidation run another four-zone measurement was performed to calibrate the measured A and ¥ changes. In UHV-system II an Auger spectrum was taken after the oxidation. Absolute values of A and ¥ were obtained afterwards by determining the correction for the optical window birefringence. A series of four-zone measurements performed in vacuum and at 1 atm N2 with and without optical windows gave the desired correction.
The oxidation process was followed by monitoring the changes in the ellipsometric param~ers A and ¥ defined as 8A ----~ -A and 8W ----~ -¥. ~ and ~ refer to the clean substrate and A and ¥ to the substrate covered with a layer. Assuming that the layer may be approximated as uniform with thickness d and refractive index fit '=" nt -ikf on a substrate with a refractive index ft. ,= n, -ik, (to be computed from ~, ~1 it is possible, knowing the wavelength, 2, and the angle of incidence, ~o, of the light, to compute a so-called A-¥ plot. 16 Such a plot for our stainless steel substrate with layers with different refractive indices is given in Fig It may be remarked that this approximation is not valid for the very first stage of oxidation, i.e. the cl~misorption of the first monolayer(s) (cf. initial stages of oxidation of semiconductors ~s and metals~D.
EXPERIMENTAL RESULTS

Influence of the ion dose
Low-energy argon ion bombardment of the samples in UHV-system I caused an increase in A while ~/remained almost constant and resulted in an apparent optical constant ~, = 2.8-4.2i.
Thereafter successive oxidation and sputtering cycles were performed in order to determine the influence of the pretreatment on the oxidation behaviour and to remove the worked layer.
The results of the oxidation runs are shown in Fig. 2 . The curves are labelled by their ~amulative ion bombardment dose. After the first oxidation (curve A) the sample was bombarded until the apparent optical constant ~, was again 2.8--4.2/. The oxidation performed with this surface is represented by curve B.
Successive oxidation runs showed a drastic change after an ion dose of ~ 250 mC cm -2. The fast initial oxidation of the first runs transformed into a much slower oxidation. After ion doses below 250 mC era -~ the thickness of the oxide layers formed at a given time appeared to be equal. After higher ion doses these thicknesses were about four times smaller.
After a cumulative dose of ~ 400 mC cm -2 the apparent refractive index ~, = 
2.50--4.03i and the oxidation behaviour stabilized again. Variation of the ion energy had no significant influence (curves E and F).
Influence of ion energy and angle of incidence
To investigate the influence of the ion energy in system I a second sample was bombarded with Ar + ions of higher energy and current density by using the AG-2 gun until no further changes in A and ~ were observed (nl = 2.81--4.16i). oxide layer with a thickness of ~ 80 A was formed during the first 5 min in contrast with the thickness of ~ 7 A after bombardment with ions with lower energy. In UHV system II two samples were bombarded with Ar + ions of about 2 keV at two angles of incidence (0 and 75°). Oxidation runs were carried out at an oxygen pressure of 7.10 -6 Torr at different sample temperatures. The results of these experiments are given in Figs 4 and 5. At all temperatures in Fig. 4 a fast initial increase in oxide thickness during the first 20-40 min of exposure was followed by a much slower increase. The first, almost linear, part of the curve appeared to be independent of the temperature of oxidation. After bombardment at normal incidence the initial oxidation rate appeared to depend on the ion dose (Fig. 5) . Comparison of curves A in Figs 4 and 5 shows that the initial oxidation rate is larger after bombardment at glancing incidence of the ion beam.
Composition of the oxide layer
The composition of the surface layer after bombardment and oxidation runs was monitored with AES. Two representative spectra, obtained before and after oxidation run C in Fig. 4 , are given in Fig. 6 . The spectrum of the bombarded surface shows the major constituents of the stainless steel (Fe, Cr and Ni). Moreover, a large carbon peak at 272 eV is present, which may have been due to segregation of carbon from the bulk of the sample. The relative height of this peak decreased with increasing temperature. Furthermore a small nitrogen peak at ~ 385 eV was detected. Whether this peak was caused by sorption of N2 or by the presence of Cr/Fe nitride in the stainless steel is unknown. The observation that the peak was more pronounced at higher temperatures makes the latter more plausible. The oxygen peak at 510 eV was always observed, although its height became smaller after prolonged bombardment. The small peak located at 215 eV may be attributed to argon, implanted during the ion bombardment. The Auger spectra registered after oxidation of the sample showed a large oxygen peak located at 510 eV and, in strong resemblance with the standard spectra for e.g. MgO, 18 a smaller one at 490 eV.
Comparison of the spectra for bombarded and oxidized surfaces revealed the following features: (i) the carbon peak, which is clearly visible for the bombarded surface became much smaller for the oxidized surface, (ii) at the oxide surfaces nickel was present only in minor quantities, whereas it was clearly detectable at the bombarded surfaces, and (iii) the situation with respect to chromium is less clear due to the overlap of the oxygen peaks at 490 and 510 eV and the chromium peaks located at 489 and 529 eV. The spectra for the surfaces oxidized at the lower temperatures clearly showed the 529 eV chromium peak as a shoulder at the high energy side of the 510 eV oxygen peak. This shoulder was absent in the AES spectrum of the surface oxidized at 220°C; moreover, the ratio of the peak heights at 490 and 510 eV (0.21) was almost identical to that of the oxygen peaks in the standard spectrum of MgO is (0.19). This indicates the absence of chromium at 220°C. For the lower temperatures a corrected chromium peak was computed by subtracting 20~o of the height of the 510 eV peak from the measure height of the peak at 490 eV. The oxide surface showed a lower chromium content also at 25°C. The depth profile of the oxide layer formed at 220°C (curve A, Fig. 4 ) was determined at room temperature by applying alternate bombardment and AES cycles. During bombardment the thickness was monitored by means of ellipsometry by using the relation d(A) = 4.75 ~A(deg). The Auger spectra were interpreted by comparing the relative heights of the peaks of chromium (corrected peak at 490 eV), iron (650 eV) and nickel (850 eV), defined as the ratio of their heights to the sum of the heights of the three peaks. Figure 7 shows the relative peak heights (h~j) as a function of the position relative to the oxide-steel interface. The positions in the oxide layer were determined from the ellipsometric measurements, those in the steel were calculated from the ion dose assuming yield of ~ 1 atom/At + ion. l° From Figure 7 it follows that the outermost part of the oxide layer consists mainly of iron oxide. The nickel peak shows a maximum at ~ 10 A from the oxide-steel interface while this region shows a lower iron content.
DISCUSSION
Pretreatment and oxidation behaviour
Apart from sputtering, ion bombardment with medium energetic ions can induce other changes in solids, namely ion implantation, surface roughening and structural disordering of a layer at the surface. These changes are known to affect the oxidation behaviour, e.g. for bombardment of polycrystalline iron with 8 keV argon ions a G.J. SroKrEas et al.
passivating as well as an accelerating influence has been reported, depending on preoxidation of the surface and ion dose. z°
The increase in oxidation rate is usually supposed to originate from the defects introduced and the roughening of the surface. According to the literaturer, 8 the presence of a worked layer after grinding and polishing of a pure metal generally also causes an increase in oxidation rate as a result of the introduction of vacancies, interstitials and dislocations.
The decrease in oxidation rate at a cumulative dose of > 250 mC cm -~ described in the results section (Fig. 2 ) may be associated with the removal of the worked layer. The penetration depth of the low-energy (~ 500 eV) argon ions used in this process is known to be of the order of a few atomic layers 19 and therefore implantation will hardly take place, cf. ref. 5 . Taking a sputter yield of 0.15 atom/Ar ÷ ion for the oxide (our measurement), a yield of 1 atom/ion for the metal x~ and a typical atomic volume of ~ 10 A s, the thickness of the working layer may be estimated by taking into account the succession of sputtering and oxidation cycles (Fig. 2) . For a total ion dose of 250 mC cm -2 this calculation yields a thickness of ~ I000 A. This estimate is in good agreement with the value derived from the diameter of the AlzOs particles used in the final polishing stage (0.05 ~tm) if, as has been observed earlier, 2~ the thickness of the damaged layer is thought to be equal to about two times the grain size. Table 1 gives a survey of the real and imaginary parts of the complex refractive index as computed from A and ~ after correction for window birefringence. The similarity of the worked layer and ion bombarded layers is reflected in the values of the refractive index and in the oxidation behaviour. Since the penetration depth of the light at 6328 A for k = 4.0--4.4 amounts to k/(47rk) ~ 120 A, the refractive index measured in the presence of the worked layer (2.8--4.20 may be ascribed to this very layer. We assume that the values of n and k obtained after removal of this layer with the 440 eV ions (215-4.0i) are most close to those of undisturbed, clean stainless steel. The frequently applied annealing of materials after ion bombardment has been avoided because heating above 400°C introduces drastic changes in the surface composition, i.e. a higher chromium content causing a decrease in the oxidation rate. 5 Table 1 shows that both polishing and bombardment with 2 keV ions resulted in an increase of n and k with respect to the "undisturbed" sample. For polishing and compacting of chromium this effect has earlier been observed by Hill and Weaver. ~2 An increase in both n and k upon bombardment has also been reported by other authors, e.g. for Si 14 and GaAs. ~5 A satisfactory interpretation requires the use of spectroscopic ellipsometry. The extent of the damaged layer and the density and nature of the damage depend on the conditions of the bombardment, i.e. energy, ion dose, current density and angle of incidence of the ions. The preliminary data in Table 1 show larger deviations from the undisturbed case at higher ion energy, higher ion dose and at glancing incidence.
Both the presence of the worked layer and preceding bombardment with 2 keV ions with different dose and angle of incidence resulted in a larger and faster change in A during the first stage of oxidation as compared with the surface pretreated with 440 eV ions (Figs 2-5) . The results obtained for the worked layer and after bombardment with a small ion dose at normal incidence are comparable, in line with the optical constants ( Table 1) . Comparison of the optical constants and oxidation behaviour of the surfaces pretreated in UHV system II with an Ar + ion dose of < 100 mC cm 2 at 2 keV and an ion dose of > 500 mC cm z at the same energy suggests the occurrence of some type of oxidation aecceleration in the last case (see Fig. 5 ).
A same effect appears between normal and glancing incidence bombardment of Ar + ions at higher energy (Figs 4 and 5, Table 1 ). The difference in refractive index and oxidation behaviour of the samples in UHV systems I and II after bombardment with a small ion dose (< 300 mC cm -2) at higher energy (,,-2 keY) may be due to the orientation difference of the samples and the differences in current density of the ion beams.
Oxide layer
The AES results show that in the temperature region used here the outerpart of the oxide film is mainly composed of iron oxide, in agreement with refs. 2.4, 5. A recent AES-study ofa 17/13 stainless steel s has shown that several stages may be distinguished in the adsorption of oxygen on a clean stainless-steel surface (25°C, pO~ 10 -8 Tort). At low exposures the chemisorption of oxygen occurs preferably on the chromium sites, while iron remains in the metallic state. Thereafter a reconstruction of the surface takes place and iron atoms, moved to the top layer by a place-exchange mechanism, now interact with oxygen. The increase in oxidation rate observed in the presence of the working layer and after the high energy bombardment can be explained by assuming that the reconstruction process is facilitated by the damage introduced. The refractive index of the oxide giving the best fit to the oxidation curves in the A-d~ plot, ~f ~ 2.50-0.25i (cf. Fig. 1 ), closely resembles the values given in refs. ze,~7 for the oxides of iron at ~. = 5461 A.
CONCLUSIONS
Argon ion bombardment at relatively low energies (< 0.5 keV) can be used to remove the worked layer. High energy bombardment (2 keV) simulates its presence, by causing an increase in oxidation rate and higher values of the real and imaginary part of the refractive index as compared with the undisturbed sample. The rate and extent of oxidation increases with increasing energy, dose and angle of incidence of the ion beam. The outermost part of the oxide is enriched in iron while the region near the substrate contains more nickel and chromium.
Ellipsometry proves to be a powerful tool in characterizing the damaged layer and monitoring the course of the oxidation. Its combination with ion bombardment and AES is useful to investigate the first stages of the oxidation process under well-defined conditions. Furthermore this combination is suitable for the determination of the depth profile and the sputtering yield of thin films.
